In the present study, a newly developed method based on ultrahigh performance liquid chromatography (UHPLC) was optimized for the simultaneous determination of antazoline hydrochloride (ANZ) and naphazoline hydrochloride (NFZ) in ophthalmic formulations. Isocratic separation of ANZ and NFZ was performed at 40 °C with an ACE Excel 2 C18-PFP column (2 μm, 2.1 × 100 mm) at a flow rate of 0.6 mL min -1 whereas the mobile phase consisted of acetonitrile/phosphate buffer (60:40, v/v, pH 3.0) containing 0.5% triethylamine. Both analytes were detected at a wavelength of 285 nm and the injection volume was 1.0 μL. The overall run time per sample was 4.5 min with retention time of 0.92 and 1.86 min for NFZ and ANZ, respectively. The calibration curve was linear from 0.500-100 μg mL -1 for ANZ and NFZ with a correlation coefficient ≥ 0.9981 while repeatability and reproducibility (expressed as relative standard deviation) were lower than 1.28 and 2.14%, respectively. In comparison with high-performance liquid chromatography (HPLC), the developed UHPLC method had remarkable advantages over HPLC as the run time was significantly reduced by 3.4-fold with a 5-fold decreased solvent consumption. Forced degradation studies indicated a complete separation of the analytes in the presence of their degradation products providing high degree of method specificity. The proposed UHPLC method was demonstrated to be simple and rapid for the determination of ANZ and NFZ in commercially available ophthalmic formulations providing recoveries between 99.6 and 100.4%.
Introduction
Antazoline hydrochloride (ANZ), chemically known as N-benzyl-N-(4,5-dihydro-1H-imidazol-2-ylmethyl)aniline hydrochloride (C 17 H 20 ClN 3 ) is an imidazoline ligand which acts as histamine H1 receptor antagonist. It has not only a high affinity for 2-adrenoceptors in various tissues, but also binds to non-adrenergic imidazoline sites. ANZ is classified as first generation antihistamine used to reduce congestion of nasal passages and in eye drops in combination with naphazoline (NFZ) to reduce allergic conjunctivitis symptoms. [1] [2] [3] Another drug belonging to the imidazole group is naphazoline hydrochloride (NFZ, C 14 H 15 ClN 2 ) which is α-symphathomimetic drug with decongestive and vasoconstrictor properties reducing the mucous membrane swelling rapidly. [4] [5] [6] The chemical structures for both drugs are depicted in Fig.1 . Until now, NFZ was only analyzed in combination with other drugs than ANZ in ophthalmic formulations using capillary electrophoresis, 7 gas chromatography, 8 spectrofluorimetery, 9 phosphometric, 10 electrochemical 11 detectors coupled to HPLC. 12, 13 To the best of our knowledge, only one first-derivative spectrometric assay for the simultaneous determination of ANZ and NFZ in ophthalmic formulations was published in the literature. ANZ in combination with NFZ was determined by first derivative spectrometry. 6 However, our goal was to optimize and validate an ultrahigh performance liquid chromatography (UHPLC) based method for the direct simultaneous analysis of ANZ and NFZ in ophthalmic preparations. High performance liquid chromatography (HPLC) is prominent technique in laboratories for the last 30 years but did not keep the pace with the growing demand for a reliable analysis in short time. More samples can be analysed in very short time with reliability and accuracy by UHPLC. Eddy and longitudinal diffusion coefficients in Van Deemter equation play an important role regarding the separation of analytes. These coefficients are directly related to particle size of column packing which results in better resolution. [14] [15] [16] [17] The developed method was compared with HPLC to prove its adequacy for pharmaceutical studies with minimum consumption of solvents, high resolution and symmetrical peaks. The UHPLC-based method was validated in accordance to guidelines from the International Conference on Harmonization (ICH) [18] [19] [20] [21] and forced degradation studies were conducted to demonstrate the applicability of the proposed UHPLC method.
ped with auto sampler (SIL-20AXR) with injection volume ranges between 0.1-50 μL. Mobile phase comprised of ACN and phosphate buffer pumped in ratio of 60:40 (v/v) at pH 3.0 adjusted by TFA (pH meter, Orion 5 Star, Thermo Scientific, UK). 5.0 μL and 1.0 μL injection volume was injected and flow rate set at 1.0 and 0.6 mL min -1 for HPLC and UHPLC, respectively. The detection was carried out at 25 °C and 40 °C, respectively, for HPLC and UHPLC with best selected wavelength of 285 nm by i-DReC (detector). Shimadzu LC program (Lab Solutions software) was used to record chromatograms, peak quantification and integration. Mobile phase, standard solutions and samples were filtered through nylon filter (0.45 μm, Sartorius, Germany) before injection into chromatographic system.
3. Standard and Working Solutions
Individual stock standard solutions of ANZ and NFZ (1000 μg mL -1 ) were prepared in methanol and placed in an ultrasonic bath for 15 min. Subsequently, working solutions were prepared by serial dilution of the individual stock standard solutions with the mobile phase. Mixed standard solution of ANZ (2.50 μg mL -1 ) and NFZ (50.0 μg mL -1 ) were also prepared in the same manner.
4. Solution for Forced Degradation Studies
Forced degradation studies were conducted with ANZ or NFZ solutions at a final concentration of 50.0 μg mL -1 . For mild stress conditions the solutions were treated with 0.1 M HCl and 0.1 M NaOH for acidic and basic hydrolysis for 1 h, 3% H 2 O 2 was employed for oxidative stress (1 h), while photolytic and thermal stress tests were performed after exposing the solid form for 6 h under UV (254 nm) or kept at 100 °C, respectively. In contrast for drastic stress conditions, 1 M HCl and 1 M NaOH were utilized for acidic and basic hydrolysis for 10 h, 30% H 2 O 2 was employed for oxidative stress (10 h), whereas photolytic and thermal degradation were evaluated after exposing the solid form for 24 h under UV (254 nm) or kept at 100 °C, respectively.
5. Analysis of Ophthalmic Preparation
Curall-A ® and Orbaclear ® eye drops both contain 0.5% of ANZ (5.00 mg mL -1 ) and 0.025% of NFZ (0.250 mg mL -1 ). Suitable aliquots of each commercially available product was diluted with methanol, sonicated for 15 min and was further diluted with mobile phase prior to UHPLC analysis. 
6. Validation Studies
Validation studies were performed to characterize the proposed analytical method including specificity, linearity, accuracy, precision, limit of detection (LOD), li-
Experimental

1. Chemicals and Reagents
ANZ, NFZ reference standard were provided by Schazoo Labs (Pakistan). Acetonitrile (ACN), potassium dihydrogen phosphate (KH 2 PO 4 ), phosphoric acid (H 3 PO 4 , 85%) and triethylamine (TEA) were supplied by Honeywell (USA). All the chemicals and reagents were of analytical grade while GenPure water system (Thermo Scientific, USA) was used to obtain ultrapure water (18 MΩ.cm -1 ).
Chromatography
For HPLC analysis, Shimadzu Japan liquid chromatographic system (LC-20A) with diode array detector (SPDM20A), online degasser (DGU-20A5), and equipped with ACE 5 C18 column (5 μm, 4.6 × 250 mm) was used. For UHPLC analysis, Shimadzu Japan, liquid chromatographic system (Nexera 2, LC-30AD), with diode array detector (i-DReC, SPD-M30A), online degasser (DGU-20A5), and equipped with ACE Excel 2 C18-PFP column (2 μm, 2.1 × 100 mm) was used. Both systems were equip- mit of quantitation (LOQ) and conformity of chromatographic parameters (tailing factor, selectivity factor, resolution, theoretical plates). Conformity of chromatographic conditions are basically system suitability tests which are the foremost part of validation studies.
Specificity
Analysis of placebo (aqueous based sodium chloride and benzalkonium chloride) was performed to assess the specificity of the proposed method. Moreover, the forced degradation study is also another parameter which was performed to prove the specificity of chromatographic method. 21 ,24
6. 1. Linear Dynamic Range
For both LC-based methods (HPLC and UHPLC), the linear dynamic range was selected within 0.500-100 μg mL -1 for both analytes. A linear calibration curve in the form of y = ax +b was obtained by plotting the peak area y against the nominal concentration × of seven concentrations (0.500, 2.50, 12.5, 25.0, 50.0, 75.0 and 100 μg/mL) whereas a represented the slope of the calibration curve and b indicated the intercept.
6. Accuracy and Precision
The accuracy of each method was determined in triplicate by spiking a known amount of analyte standard solution in the dosage form resulting in final concentrations of 2.50, 5.00 and 7.50 mg mL -1 for ANZ, whereas NFZ was spiked at 0.125, 0.250 and 0.375 mg mL -1 . This represented 50, 100 and 150% of each analyte in the dosing formulation. For precision determination, ANZ as well as NFZ were spiked at 4.00, 5.00, 6.00 mg mL -1 and 0.200, 0.250, 0.300 mg mL -1 , respectively, representing 80, 100 and 120% of each analyte. The intra-day precision (repeatability) was evaluated by replicates of five on one day whereas the inter-day precision (reproducibility) was determined over three consecutive days.
6. 3. Method's LOD/LOQ
ANZ and NFZ standard solution was injected in replicates of six. The resultant parameters of the linear regression including the standard deviation (SD) of the response based upon the slope a and intercept b determined the LOD and LOQ of the UHPLC method. The LOD and LOQ were defined as three times and ten times the SD of the intercept, respectively.
25-28
6. 4. Method Robustness
Small but deliberate changes in chromatographic conditions such as mobile phase, pH, column temperature and flow rate were used to evaluate the robustness of proposed UHPLC method.
Results and Discussion
1. Optimization of Chromatographic Conditions
System suitability tests were performed to optimize both LC-based methods. In the first step, a UV absorption spectrum was acquired in the range of 200-400 nm resulting in a maximum absorbance at 285 nm for both analy- . Free silanol in column packing could be interacting with drugs of both acidic as well as of basic nature. In order to improve the peak shapes, TEA, a silanol blocker, was added to the mobile phase (0.5%, v/v). 29 Silanol blocker provided additional selectivity by π-π and dipole interaction which resulted in achieving the better overall resolution. The summary of the tailing factor, selectivity factor, resolution and theoretical plates for each of the tested columns are presented in Table 1 .
In the end, the mobile phase consisting of ACN and phosphate buffer (10 mM) in a ratio of 60:40 (v/v) with the addition of 0.5% TEA was found to be excellent using ACE 5 C18 and ACE Excel 2 C18-PFP columns for UH-PLC and HPLC analysis, respectively. The chromatographic parameters under final conditions are summarized in Table 2 exhibiting an excellent peak shape, resolution and higher number of theoretical plates. 
2. Validation Studies
The specificity of the optimized UHPLC method was examined with NFZ and ANZ at 2.50 and 50.00 μg mL -1 , respectively, relative to the blank mobile phase (Fig. 2) .
The presence of placebo did not interfere during the determination of ANZ and NFZ as the components were baseline separated. For both chromatographic methods over a dynamic range of 0.5-100 μg mL -1 , seven concentrations (0.5, 2.5, 12.5, 25, 50, 75, 100 μg mL -1 ) were employed to construct a calibration graph for ANZ and NFZ. The calibration curves were linear for ANZ and NFZ with a coefficient of determination (r 2 ) ≥ 0.9981 regardless of the LC-based method (Table 3 ). Accuracy of methods by both the techniques under investigation was performed by evaluating the recovery studies after spiking the known amount of standard drugs in commercial products. The recovery results were obtained between the ranges 99.7-102.4% and 100.8-103.2% (Table 4) for HPLC and UHPLC respectively which justified the suitability of the techniques for their intended applications. For precision studies, the results of repeatability and reproducibility are presented in Table 5 by injecting three different concentrations (80, 100 and 120% level of analyte) of standard solutions of ANZ and NFZ (n = 5) on same day and three consecutive days, respectively.
RSD values for repeatability and reproducibility were obtained less than 1.88 and 2.49, respectively, for HPLC while below than 1.28 for repeatability and 2.14 for reproducibility assays with UHPLC.
Forced Degradation Studies
Forced degradation studies under mild and drastic conditions were performed to demonstrate the applicability of our UHPLC method to assess the stability of the drug. For each forced degradation experiment, the corresponding chromatograms are depicted in Figure 3 and 4, whereas the percentage of initial drug substance is shown in Table 6 . The ANZ and NFZ stock solutions were diluted in separate measuring flasks with HCl (0.1 M and 1.0 M), NaOH (0.1 M and 1.0 M) and H 2 O 2 (3.0 and 30%) to a final concentration of 50.0 μg mL -1 and incubated for 1 h and 10 h for mild and drastic stress, respectively. For both mild and drastic conditions, no degradations (Figs. 3 and 4) were observed for ANZ and NFZ under acidic stress and the extent of degradation was declared as none (Table 6 ).
In contrast, basic stress was found more effective than acidic one. Under mild conditions, there was only a slight extent of degradation and the remaining concentration of ANZ and NFZ compared to their initial values were 96.1% and 95.2%, respectively. Two impurity peaks at retention times t R = 0.6 min and t R = 1.35 min (FD1 and   FD2, Fig. 3b) were observed after basic degradation of NFZ, while one impurity peak at t R = 2.25 min (FD1, Fig.  4b ) was observed for ANZ degradation under basic stress conditions. For drastic conditions, substantial amount of both ANZ and NFZ were degraded and remaining amount of 22.6% and 48.8% was found respectively under basic stress conditions. Two impurities peaks for each of ANZ and NFZ were observed at t R = 0.9 min, t R = 2.35 min (FD1 and FD2, Fig. 4g ) and t R = 1.08 min, t R = 1.35 min (FD1 and FD2, Fig. 3g ), respectively. The addition of 3% H 2 O 2 did not show any effect on ANZ but NFZ was degraded substantially and remaining amount obtained was 74.6% with impurities at t R = 0.55 min, t R = 0.71 min (FD1 and FD2, Fig. 3c ). After treatment with 30% H 2 O 2 , slight degradation of ANT (remaining amount 94.8%) and substantial degradation of NFZ (remaining amount 71.1%) were observed. Two peaks at t R = 0.55 min, t R = 0.68 min (FDD1 and FDD2, Fig. 3h ) were obtained as degradation products of NFZ, while at t R = 0.95 min degradation product of ANZ was obtained (FDD1, Fig. 4h ). Solid form of both analytes was kept at 100 °C in oven for thermal and under UV light at 254 nm for photolytic degradation.
NFZ degraded substantially under mild and drastic thermal stress conditions with two impurity peaks at t R = 0.65 min, t R = 1.31 min (Fig. 3d and 3i) . In contrast, no ANZ degradation was observed under mild thermal stress, whereas substantial amount of ANZ degraded under drastic conditions (remaining amount 64.9%), indicated by an impurity at t R = 0.95 min (FDD1, Fig. 4i ). No photolytic degradation resulted for ANZ and NFZ under mild conditions. However under drastic photolytic stress, substantial degradation of ANZ and NFZ resulted in an impurity peak at t R = 0.95 min and t R = 0.60 min, respectively (Fig 3j and 4j) . As a result of these experiments, the proposed UHPLC method was found to be specific for the analysis of ANZ and NFZ including their degradation products. 
4. Method Robustness
The robustness of proposed the UHPLC method was evaluated by slight changes of the chromatographic parameters including the flow rate (± 0.1 mL min -1 ), the mobile phase ratio (± 5.0 mL) including its pH (± 0.1), the column temperature (± 5 °C) and the detection wavelength (± 2 nm). Afterwards, the drug content besides chromatographic parameters like retention time, tailing factor, number of theoretical plates and resolution were determined. The results summarized in Table 7 demonstrated that the effects of the deliberate changes in chromatographic conditions are neglectable and that the proposed UHPLC method was robust for its intended applications. 17 
5. Analysis of Commercial Ophthalmic Formulations
The applicability of proposed UHPLC method was evaluated by examining the commercial ophthalmic solutions (Curall-A ® and Orbaclear ® ) with reported concentration of 5.0 mg mL -1 of ANZ and 0.25 mg mL -1 of NFZ. It was ensured that the removal of the excipients with an extraction step before analysis was unnecessary. It was concluded that the proposed UHPLC method was sufficiently accurate and precise (Table 8 ) with recovery and RSD ranges found between 99.6-100.4% and 1.03-1.20%, respectively.
Conclusion
In literature, UHPLC method for simultaneous determination of ANZ and NFZ in pharmaceutical formulations is not available. For this reason, stability indicating UHPLC method was fully validated according to ICH guidelines for determination of ANZ and NFZ in ophthalmic formulations. Remarkable advantages of UHPLC over HPLC were found, such as rapidity, ease of operation, minimum amount of solvents and high selectivity. Good recoveries, interference free and highly reproducible chromatograms were achieved. The proposed method was optimized and found suitable for quality control laboratories where time and economy are essentially required. Good recovery results showed that the proposed methods were free from interferences of commonly used excipients and additives in the formulations. 
